WR211 and WR216 are derivatives of halobenzoate-degrading Pseudomonas sp. strain B13 into which the 117-kilobase TOL degradative plasmid pWWO has been transferred from Pseudomonas putida mt-2. WR211 has lost the ability to grow on the TOL-specific substrate m-xylene but retains the ability to grow on its metabolite, m-toluate. An analysis of the induction of enzymes was consistent with WR211 carrying a nonfunctional regulatory gene, xylR. WR216 is a spontaneous derivative of WR211 which grows on none of the TOL substrates and yet expresses the nonspecific toluate oxidase, which enables it to grow on the novel substrate 4-chlorobenzoate. In addition to the xyIR lesion inherited from WR211, WR216 appears to carry a mutation in the structural gene for catechol 2,3-oxygenase, xylE. The plasmids in both strains were analyzed by restriction endonuclease digestion. pWWO-1211 in WR211 has a large deletion (39 kilobases) compared with pWWO and appears to be identical to a previously described plasmid (pWWO-8) which encodes none of the TOL degradative functions. pWWO-1216 in WR216 has undergone a major structural reorganization relative to its parent, pWWO-1211. This plasmid has a smaller deletion (19 kilobases), which is staggered relative to the deletion in pWWO-1211, and in addition it has two 3-kilobase insertions of unknown origin, one of which appears to cause the xylE mutation.
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Pseudomonas sp. strain B13 (WR1) can grow on 3CB as the sole carbon source (13, 14) ; however, this strain cannot grow on other chloro-substituted benzoates (in particular 4CB), and it has been impossible to extend its range to these growth substrates by mutation or selection. The biochemical step responsible for the block appears to be the high specificity of the benzoate dioxygenase for 3CB, since WR1 can utilize both 3-chlorocatechol (the metabolite of 3CB) and 4-chlorocatechol, which would be the corresponding metabolite of 4CB (7) . To circumvent this step, Reineke and Knackmuss (13, 14) transferred the TOL plasmid pWWO from Pseudomonas putida mt-2 into WR1; this plasmid encodes a catabolic pathway for toluene, mxylene, and p-xylene ( Fig. 1) (19) . One of the enzymes of this pathway is a nonspecific benzoate dioxygenase (17) , which is also called toluate dioxygenase and is capable of oxidizing chlorosubstituted benzoates (12) .
The first transconjugant from the mating (WR211) which was selected for its ability to grow on the TOL-specific metabolite m-toluate (13), was only able to utilize the same single halobenzoate (3CB) as its parent, WR1; surprisingly, this transconjugant had lost the ability to grow on m-xylene. However, spontaneous derivatives of WR211, such as WR216, could be selected readily by their ability to grow on the novel substrate 4CB. All such 4CB+ segregants had lost the ability to grow on m-toluate.
In this paper we describe the biochemical regulation of the TOL-encoded enzymes in WR211 and WR216 and also document the alterations in the plasmid DNA structure which accompany the change in the TOL phenotype of these strains. In an accompanying paper Reineke et al. describe why the loss of expression of the meta pathway enzymes encoded by the TOL plasmid is an obligatory requirement before growth on 4CB is possible (11 The stimulation of uptake of 02 by the addition of benzoate or 4CB was measured by Warburg respiromxy_ etry. Since these enzymes catalyze the first 02-consuming steps in the metabolism of the added substrates, the rate of uptake is a qualitative measure of xyl F whether activity is induced. 4CB is oxidized rapidly by TO but not by BO (12, 14) .
x. Plamid bolation and digation. Plasmid DNA was XYI G extracted by the method of Wheatcroft and Williams (16) and was digested by restriction endonucleases according to the instructions of the suppliers. Agarose gel electrophoresis. Gels contained 700 mg of agarose and 100 "g of ethidium bromide in 100 ml of electrophoresis buffer (9) . Samples were run into the gels at 100 V and 20 mA for 20 min before the gels were alcohol Chemicals and enzymes. The 2-hydroxymuconic sexylR to mialdehyde and 2-hydroxy-6-oxohepta-2,4-dienoate yIDEFG for HMSD and HMSH assays were prepared from only the catechol and 3-methylcatechol, respectively, by using 18). The either a purified preparation of C230 or a heat-treated nization cell extract of m-toluate-grown P. putida mt-2 (PaWl) (15) . Catechol and 3-methylcatechol were purified by sublimation. Benzaldehyde was redistilled and kept at -4°C under N2. All other chemicals were from commercial sources. Restriction endonucleases were purildehyde chased from Uniscience, Cambridge, United Kingmialde-dom.
-mialdergenase; rork are ined on -elective I PaWl, o, 5 mM culture RESULTS Induction of BO and TO. There are two distinguishable activities that are capable of oxidizing benzoate and its derivatives in the strains which we studied. BO is specific for benzoate and 3CB (12, 14) , and the TOL plasmid-encoded TO shows a much broader substrate specificity for benzoate and substituted benzoates (7, 17), es- pecially 4CB (12) . WRl expresses only BO activity (12) .
When WR211 or WR216 cells were grown on acetate, neither BO activity nor TO activity was detected (Table 2 ). However, after growth in the presence of 3CB, 4CB, or m-toluate, TO activity clearly represented a considerable proportion of the induced activity, as indicated by the ability of cells to take up 02 at the expense of 4CB. The results with PaWl (P. putida mt-2 wild type) are included for comparative purposes since TO has been indicated as the principal isoenzyme induced by m-toluate (17) .
Induction of other TOL-specified enzymes. pWWO encodes an inducible sequence of enzymes, the regulation of which has been analyzed by using structural and regulatory mutants. The resulting model for the induction of these enzymes is shown in Fig. 1 (18) .
In WR211 the levels of all the enzymes in both uninduced (acetate-grown) and m-toluate-induced cells were virtually identical to the levels in PaWl (Table 3 ), indicating that the role and efficacy of m-toluate as an inducer were not altered by the transfer of the plasmid into the strain B13 background. The same qualitative pattern of induction has been found with PRSB1, a transconjugant of WR211 into a different recipient strain, P. putida A.3.12 (8) .
Growth of WR211 (and PRSB1) in the presence of m-xylene produced an induction pattern fundamentally different from the pattern in PaWl since there was no induction of BADH and BZDH (Table 3 ). There is one problem in interpreting the significance of the low levels of these activities since many Pseudomonas species which degrade aromatic compounds carry chromosomally encoded BADH and BZDH activities; WRl is no exception to this, and both activities can be detected under the growth conditions used in these experiments. It is possible to distinguish these chromosomal enzymes from the pWWO isoenzymes by their respective substrate specificities, using m-and p-methylsubstituted substrates (19) . By this criterion both the BADH and the BZDH present in uninduced cells of WR211 and WR216 appear to be the plasmid-specified activities, which indicates that these strains are not structural gene mutants in either xylB or xylC (data not shown).
The later enzymes of the meta pathway (C230, HMSH, and HMSD) are also not induced in WR211 cells grown in the presence of m-xylene (Table 3 ). In this respect WR211 differs from Mxy-mutants of PaWl which are blocked in structural genes xylA and xylB, where m-xylene does induce these enzymes (18) . It appears that the characteristics of WR211 can best be explained by the hypothesis that WR211 carries a mutation in the xylR regulatory gene which confers an induction pattern similar to that of xylR mutant PaW210 (18) . Both BADH and BZDH also appear to be uninduced in WR216 as a result of growth in the presence of m-xylene (Table 3 ). The three later enzymes (C230, HMSH, and HMSD) behave differently in WR216. C230 was completely absent under all conditions of growth examined; since the assay for this enzyme is particularly sensitive, we must conclude that WR216 has a mutation in xyIE, the structural gene for C230. The defect also extends to the subsequent enzymes HMSH and HMSD, which are detectable but are not induced significantly by either mxylene or m-toluate. The induction in WR216 could be explained in terms of the following three mutations: xyIR, inherited from WR211 and leading to the loss by m-xylene of its functional role as inducer; xylE, the structural gene for C230; and a third mutation leading to the uninducibility of HMSH and HMSD by m-toluate. However, a simpler explanation of this latter effect is that the xylE mutation is polar and affects the expression of HMSH and HMSD. This explanation is given further weight by the observation that the operon is transcribed in the order xylDEGF (T. Nakazawa, personal communication).
Structure of plasmid DNA in WR211 and WR216. Figure 2 shows agarose electrophoresis gels containing XhoI and (Fig. 3) . In fact, pWWO-1211 is indistinguishable after single or double digestion or after digestion with EcoRI (data not shown) with plasmid pWWO-8 (5), the plasmid found in "cured" strain PaW8 (1, 17) . A similar analysis (Table 4 ) of digests of pWWO-1216 led to the map shown in Fig. 3 . Considering that WR216 arose from WR211 by nutritional selection for a 4CB+ phenotype, a complex series of recombinational events appear to have taken place. pWWO-1216 is about 26 kb larger than pWWO-1211. It has a smaller deletion (only 19 kb), which consists of a welldefined 16.5-kb region (HindIII-XhoI double digestion fragments U through 0) that extends an additional 2.5 kb into either HindIII-XhoI-F or HindIII-XhoI-C, generating a novel 15-kb fragment from them. Therefore, the deletion is staggered relative to the deletion in pWWO1211; the region from HindIII-XhoI-P through HindIIIXhoI-C (about 27 kb) is regained, and HindIIIXhoI-I through HindllI-XhoI-O (about 7 kb) is lost in the change. In addition two novel fragments are generated. These can best be observed as XhoI-I' ( [lanes dl). The nomenclature and size estimates for the HindIII-XhoI double digestion fragments are shown in Table 4 , and the positions of the fragments on the plasmid are shown in Fig. 3 . The arrows indicate the novel fragments on pWWO-1216 generated by the addition of insertions (see text).
as HindIII-C' (about 22 to 23 kb) in the HindIII digest, running as an unresolved double band coincident with HindIII-B (Fig. 2) . The simplest explanation is that these fragments result from 3-to 3.5-kb insertions into HindIII-XhoI-Q (identical to XhoI-I [2.3 kb]) and into HindIII-XhoI-A (identical to HindIII-C [19 kb] ). This analysis has been confirmed by EcoRI digestion since the corresponding EcoRI fragments from the unpublished map (P. Broda, personal communication) are correspondingly larger. Additional confirmation in the case of the HindIII-XhoI-Q (XhoI-I) insertion comes from reversion of WR216 to Mtol+. Revertants, which have a phenotype identical to that of WR211, contain plasmids that are indistinguishable from pWWO-1216, except that HindIII-XhoI fragment Q'(XhoI-I') has disappeared and is replaced by a fragment the same size as HindIII-XhoI-Q (XhoI-I), presumably as a result of spontaneous loss of the 3-kb insertion (data not shown). Since these revertants, (exemplified by WRB80), express C230 normally and show full inducibility of the other meta pathway enzymes (Table 3) , the mutagenic role of that insertion on xylE and its polar effect upon the later meta pathway enzymes are confirmed. DISCUSSION WR211 and WR216 were constructed so that the expression of a nonspecific TO in a halobenzoate-degrading strain could extend their substrate specificity. Not only was this goal achieved with the 4CB+ phenotype of WR216 and the ability of a subsequent derivative (WR941) to degrade 3,5-dichlorobenzoate (13), but the rationale for carrying out the conjugation was proved correct since the TO activity of pWWO appears to be expressed in both WR211 and WR216 (Table 2 ). In addition, WR211 and WR216 have supplied further information about the regulation, structure, and behavior of pWWO.
The mutation in WR211 which accounts for its
Mxyf phenotype agrees adequately with the proposed model for regulation (18) , since it is typical of a xylR mutation. The pleiotropic negative character reinforces the evidence that the xylR gene product is a positive regulator (6, 10, 18) . The most surprising feature of pWWO-1211 is its identity with pWWO-8. Whereas strains carrying pWWO-8 (such as PaW8 [1, 17] b Novel fragment derived from a 3.4-kb insertion into HindIII-XhoI-A. c Novel fragment derived from residues of HindIII-XhoI-C and -F: runs as double with HindIII-XhoI-B.
d Novel fragment derived from residues of HindIII-XhoI-I and -J.
e In all plasmids, HindIII-XhoI-D and -E were a double band.
f Novel firgment derived from a 3.2-kb insertion into HindIII-XhoI-Q. 8In pWWO, HindIII-XhoI-I and -J were a double band.
h In pWWO and pWWO-1216, Hindll-XhoI-M and -N were a double band.
In pWWO, HindIII-XhoI-Y and -Z were a double band. J These fragments were not detected on gels because of their small sizes but were assumed to be present because of the presence of surrounding fiagments. 1) and xylDEFG is a coordinate operon, then our results indicate that the order of genes from the promoter is xylDE (F,G) (4), except that the order ofXhoI fragments E, I, and J is reversed to conform with the order of these fragments in RP4::TOL plasmid pTN2 (10); we have independent evidence that the latter order is correct (unpublished data). The structure of pWWO-8 is as described previously (5) . The structures of pWWO-1211 and pWWO-1216 were derived from an analysis of the hydrolysates of plasmid DNA by using single digestion with HindIll and XhoI separately and double digestion with the two enzymes together (Table 4) and comparison with the pWWO map (4). The broken lines at the ends of the deletions represent the areas of positional uncertainty inherent in this analysis; however, as the sizes of the deletions could be determined quite accurately, they must run from either the right ends of both boxes (broken lines) at one extreme or from the left ends (solid lines) at the other. The vertical arrows represent the insertions of DNA of unknown origin into the specified double HindIII-XhoI digestion fragments, but the exact locations within the fragments are unknown. The maps were checked by comparing EcoRI digests of pWWO-1211 and pWWO-1216 with the unpublished EcoRI map (P. Broda, personal communication).
pWWO-1216 have been isolated. It is remarkable that nutritional selection pressures result in such complex changes in DNA organization when point mutations could be expected to produce the same result; the implication is that these changes occur at a higher frequency than point mutations. It could be that the facility of these changes reflects the stability of pWWO in Pseudomonas B13 or that they result from the particular selective pressures which are possible in this strain. This might serve as an indication that the rapid evolution of plasmids might be determined in part by their passage through hosts in which minor selective pressures result in major modifications of the DNA structure.
